Abstract Cardiometabolic diseases such as type 2 diabetes mellitus, stroke, and coronary heart disease are complex disorders influenced by multiple genetic and environmental factors. Physical activity is one of the most reliable predictors of cardiometabolic diseases among various lifestyle factors. Numerous epidemiological studies have revealed that higher levels of physical activity and cardiorespiratory fitness are strongly associated with a lower incidence of cardiometabolic diseases and all-cause mortality in various populations. On the other hand, genetic factors also contribute to susceptibility to cardiometabolic diseases. Familial and twin studies have demonstrated that the strength of the contribution of genetic factors to cardiometabolic diseases is comparable to that of environmental factors, and a large number of genetic variants associated with cardiometabolic diseases have been identified. Importantly, genetic factors explain the heterogeneity of the effect that regular exercise has on the improvement of cardiometabolic risk, and there is evidence that regular exercise possibly attenuates the genetic predisposition to cardiometabolic diseases. Thus, genetic factors and exercise interact with each other to determine susceptibility to cardiometabolic diseases. This article reviews recent studies exploring genetic factors that determine susceptibility to cardiometabolic diseases, with an emphasis on the studies examining the gene-exercise interactions in cardiometabolic risk.
Introduction
Cardiometabolic diseases such as type 2 diabetes mellitus, stroke, and coronary heart disease are prevalent worldwide 1, 2) , and remain one of the major causes of death in Japan. Because cardiometabolic diseases increase medical expenses and the burden of long-term care, it is critical to establish an effective prophylaxis against cardiometabolic diseases in Japan, which is facing a superaged society.
Although various lifestyle habits such as diet, smoking, and alcohol intake are associated with the incidence of cardiometabolic diseases, among them, physical activity is one of the most reliable predictors of such diseases. Many epidemiological studies have revealed that higher levels of physical activity and cardiorespiratory fitness acquired by regular exercise were strongly associated with a lower incidence of cardiometabolic diseases and allcause mortality in various populations [3] [4] [5] [6] [7] [8] . Several countries, including Japan, have recognized the importance of physical activity in the prevention of cardiometabolic diseases and have established physical activity guidelines for health promotion based on the epidemiological evidence 9, 10) . On the other hand, genetic factors can also contribute to susceptibility to cardiometabolic diseases. A number of twin studies have demonstrated that the strength of the genetic factor contribution to cardiometabolic diseases is comparable to that of environmental factors [11] [12] [13] [14] [15] [16] . In fact, large-scale genetic association studies have identified several single nucleotide polymorphisms (SNPs) associated with cardiometabolic diseases/traits in various populations [17] [18] [19] [20] [21] [22] [23] [24] [25] , and an accumulation of the risk alleles of these SNPs can well predict the onset of cardiometabolic diseases 21, 26) . Although the roles of physical activity and genetic factors in the development of cardiometabolic diseases are being elucidated, the interaction between them is not fully understood. Specifically, it is unknown whether the effects of genetic factors on susceptibility to cardiometabolic diseases can be modified by physical activity or fitness level, and whether genetic factors attenuate the preventive effect of regular exercise on cardiometabolic diseases. Therefore, an understanding of gene-exercise interactions *Correspondence: kunpei-tanisawa@fuji.waseda.jp will contribute to creating effective genome-based exercise programs and reference values for physical activity or fitness levels in the prevention of cardiometabolic diseases in the era of precision medicine.
In this article, we review recent studies exploring genetic factors associated with susceptibility to cardiometabolic diseases and introduce the previous studies that have examined the gene-exercise interactions in cardiometabolic risk.
Heritability of cardiometabolic diseases/traits
Cardiometabolic diseases are complex disorders caused by multiple genetic and environmental factors (Fig. 1) . The relative importance of genetic factors to the variation of traits is expressed as heritability, which is defined as a ratio of variances by expressing the proportion of the phenotypic variance that can be attributed to the genetic variance 27) . Heritability is typically determined by twin studies that compare the similarity of monozygotic twin pairs who share 100% of their genes and dizygotic twin pairs who share about 50% of their genes under the assumption that environmental exposures are equal between twin pairs.
A number of twin studies have demonstrated that the heritability of cardiometabolic diseases/traits is approximately 20 -80% [11] [12] [13] [14] [15] [16] . For example, large-scale twin studies demonstrated that the heritability of type 2 diabetes was approximately 48% for men and 38% for women 12) , whereas the heritability of coronary heart disease was 57% for men and 38% for women 15) . Because lifestyle modification is recommended to prevent cardiometabolic diseases, environmental factors seem to greatly influence their development. However, the results of twin studies suggest that the contribution of genetic factors to the development of cardiometabolic diseases is too large to ignore.
Identification of common genetic variants associated with cardiometabolic diseases/traits by genome-wide association study
Decipherment of the human genome sequence by the Human Genome Project 28) and the development of haplotype maps by the International HapMap Project 29) have enabled us to comprehensively explore the susceptibility of genes for various diseases throughout the whole genome. In the past decade, the most powerful approach to determining the genetic loci responsible for the complex diseases/traits has been the use of genome-wide association studies (GWASs) 30) . GWASs analyze several hundred thousand to million tagSNPs, which are representative SNPs in a region of the genome with high linkage disequilibrium, across the entire genome, and compare the allele frequencies of each SNP between disease cases and controls. Because complex diseases, including cardiometabolic diseases, are highly prevalent in general populations, GWASs of complex diseases have been conducted under the hypothesis that common SNPs with a low allele frequency ≥ 5% are associated with susceptibility to common diseases (the so-called "common disease-common variant" hypothesis) 31) . Table 1 presents the top 10 SNPs associated with several cardiometabolic diseases/traits, which were identified by the largest GWASs consisting mainly of European populations 21, 22, 24, 25) . Most of these SNPs were also associated with cardiometabolic diseases/traits in other ethnic populations [17] [18] [19] [20] 23 ) . An important thing to note is that even the most significant SNPs have a relatively small effect on the development of cardiometabolic diseases and associated risk factors. For example, the odds ratio (OR) was 1.4 for the risk allele rs7903146 of TCF7L2, which is the most strongly associated SNP with type 2 diabetes 24) . However, several studies have reported that the genetic risk score (GRS, alternatively called e.g. genotype score, genetic predisposition score), calculated from the additive number of risk alleles of GWAS-derived SNPs, increases the risk of cardiometabolic diseases 21, 26, 32) . Miyake et al. examined the association between the number of risk alleles of 11 susceptibility SNPs for type 2 diabetes and the incidence of type 2 diabetes in a Japanese population, and demonstrated that an increase of a risk allele resulted in an average increase in the OR of 1.29, and the OR for subjects with 14 -18 risk alleles exceeded 11 relative to individuals with 0 -6 risk alleles 32) . Thus, the accumulation of risk alleles of the GWAS-derived SNPs can well predict cardiometabolic diseases, although prediction is difficult using a single genetic variant.
Exploration of rare genetic variants associated with cardiometabolic diseases/traits
Although GWAS have successfully identified the number of common SNPs responsible for complex diseases, the variation of the susceptibility to complex diseases due to genetic factors is not fully explained by these SNPs 33) . This problem is the so-called "missing heritability," and researchers have been exploring other types of genetic variations such as rare variants (mutations) in the proteincoding exon regions. Because most rare variants accompanied by amino acid substitutions have deleterious effects on protein function 34) , researchers believed that rare variants are the cause of severe monogenic diseases, of which prevalence is very low in the general population. However, recent rapid advances in DNA sequencing technology have enabled us to determine individual whole genome sequences 35) and have revealed that even the people without severe monogenic diseases possess a large number of deleterious mutations with low allele frequency <1% 36) . Researchers are searching individual rare variants associated with complex diseases under the "common disease-rare variant" hypothesis 37) . Although whole-genome or exome sequencing using next-generation sequencers is the most powerful strategy to detect individual rare variants, sequencing cost remains too expensive to perform a large-scale association study. As a cost-effective method, an exome SNP array designed from over 12,000 whole genome or exome sequencing data has been widely used. Exome-wide association studies (EWASs) using the exome array have successfully identified low-frequency rare variants associated with cardiometabolic diseases/traits. Huyghe et al. performed an EWAS on 8,229 nondiabetic Finnish males using the Illumina HumanExome Beadchip, and identified a lowfrequency variant associated with the proinsulin concentration level and insulinogenic index that are the indices of insulin secretory capacity 38) . Kozlitina et al. carried out an EWAS on a population of 2,736 Americans and revealed that the low-frequency variant p.Glu167Lys (MAF = 5.0%) of TM6SF2 was associated with liver fat content that is a strong predictor of various cardiometabolic diseases 39) . Indeed, homozygous carriers of Lys167 had over a two-fold increased level of liver fat content compared to non-carriers. On the other hand, a large-scale EWAS of myocardial infraction on a population of 14,312 Norwegians did not detect any novel large-effect lowfrequency variants associated with myocardial infraction. Thus, although recent EWASs have demonstrated that low-frequency variants are associated with risk factors for cardiometabolic diseases, a very large sample size is required to detect novel rare variants (MAF < 0.5%) with adequate statistical power 40) . Meta-analysis of EWASs may determine the contribution of low-frequency rare variants to the development of cardiometabolic diseases in the near future.
Preventive effect of physical activity and fitness on cardiometabolic diseases
Whereas recent GWASs and EWASs have provided evidence that certain genetic components increase the susceptibility to cardiometabolic diseases, previous epidemiological studies also have provided concrete evidence for the association between physical activity and the development of cardiometabolic diseases. An enormous number of studies have demonstrated that the time spent in moderate to vigorous-intensity physical activity (MVPA, ≥3.0 METs) is negatively associated with the incidence of cardiometabolic diseases such as coronary heart disease 7) , stroke 6) , type 2 diabetes 4) , and all-cause mortality 5) . Importantly, MVPA is associated with a decreased incidence of these diseases and mortality in a dose-response manner 41) , and only adding 10 -15 minutes of MVPA daily can reduce the risk of cardiometabolic diseases 41, 42) . Furthermore, the development of triaxial accelerometers has enabled us to objectively measure time spent in lightintensity physical activity (1.6 -2.9 METs) or sedentary behavior (≤ 1.5 METs), which have been proven to be associated with cardiometabolic risk and mortality [43] [44] [45] . Previous studies also have shown that a high physical Beta, beta coefficient; BMI, body mass index; Chr, chromosome; N discovery, number of subjects in discovery phase; N replication, number of subjects in replication phase; OR, odds ratio. *Allele frequency in European population. 8) , but also the lifelong maintenance of cardiorespiratory fitness by performing aerobic exercise was associated with a low risk of type 2 diabetes independent of the baseline fitness level of Japanese men 46) . Furthermore, Wei et al. also reported that high cardiorespiratory fitness reduced the risk of death from cardiovascular diseases and the development of type 2 diabetes even in obese people 47) , suggesting that the beneficial effects of high cardiorespiratory fitness on cardiometabolic diseases are independent of obesity. In addition to cardiorespiratory fitness, several epidemiological studies have demonstrated an independent association of muscular strength with cardiometabolic diseases and associated risk factors [48] [49] [50] . Therefore, anaerobic exercise such as resistance training may reduce the risk of cardiometabolic diseases like aerobic exercise that have long been recommended to prevent cardiometabolic diseases.
As elite endurance athletes are suggested to have favorable generic profiles conferring high aerobic capacity 51) , cardiorespiratory fitness itself is influenced by genetic factors. Because increased life expectancy was observed in elite endurance athletes 52, 53) , high fitness individuals may also have a favorable genetic profile against cardiometabolic diseases. Therefore, it raises the question of whether genetically low fitness individuals can easily receive the benefit of regular exercise to prevent cardiometabolic diseases. To address this question, Chomistek et al. constructed endurance, muscle strength, and maximal oxygen uptake (V ・ O2max) genetic scores from 58 SNPs (18 were previously found to be associated with endurance phenotypes, 12 with muscle strength phenotypes, 2 with both endurance and muscle strength, and 26 with trainability of V ・ O2max) and examined whether the preventive effect of physical activity on the risk of coronary heart disease were modified by these genetic fitness scores 54) . They reported that increased physical activity was associated with a lower incidence of coronary heart diseases, and the hazard ratio of 500 kcal/week of increased physical activity was not modified by any of the fitness genetic scores. This suggests that even individuals with an unfavorable genetic profile for physical fitness can receive the benefit of regular exercise in the prevention of cardiometabolic diseases.
Genetic factors associated with the heterogeneity of cardiometabolic response to regular exercise
Although there is no doubt that regular exercise effectively prevents cardiometabolic diseases, the question remains whether everyone receives equal benefits from regular exercise. The HERITAGE Family Study was launched to answer this question and aimed to investigate the role of genetic factors in the cardiovascular, metabolic, and hormonal responses to aerobic exercise training 55) . The HERITAGE Family Study consists of 742 healthy, sedentary subjects aged 17 -65 years (483 whites from 99 families and 259 blacks from 105 families) who completed a standardized 20-week aerobic exercise-training program. This is the only study to date, of adequate sample size, that has calculated the heritability estimates for the changes in cardiometabolic traits in response to aerobic exercise training.
The HERITAGE Family Study has demonstrated that the exercise training-induced changes in cardiometabolic traits are heritable. For example, the study revealed that the heritability estimates of exercise training-induced changes in plasma triglycerides and systolic blood pressure were 22% and 20%, respectively 56, 57) . Furthermore, the study confirmed that the non-responder to exercise training also existed. Although more than half of the individuals improved their cardiometabolic risk factor after the 20-week aerobic exercise training, a considerable number of individuals could not receive the benefit of regular exercise, some of which even experienced an adverse cardiometabolic response to exercise training 58) . The HERITAGE Family Study has also explored the genetic factors that account for the observed variability of exercise-induced changes in cardiometabolic traits. Genetic linkage analysis, which is a classic method to explore the chromosomal regions responsible for such traits, identified a number of chromosomal regions associated with the exercise-induced changes in cardiometabolic traits such as abdominal fat area 59) , blood pressure 60) , insulin sensitivity 61) , and insulin secretory capacity 61) . However, causative variants have not been identified due to lack of subsequent sequencing and analysis of candidate regions. The HERITAGE Family Study also performed a candidate gene approach, and found associations between gene variants and cardiometabolic traits such as LPL Ser447Ter and blood lipid levels 62) , NOS3 Glu298Asp and blood pressure 63) , and LEP A19G and LEPR Lys109Arg and glucose homeostasis 64) . Recently, GWASs have been applied to the data from the HERITAGE Family Study, and have shown that the top 10 SNPs explained 32% of the variance in the response of plasma triglycerides to regular exercise 65) . Thus, construction of prediction models using GWAS-derived SNPs may enable us to predict the effect of regular exercise on cardiometabolic risk at an early stage, and contribute to the development of genomebased exercise programs, but the findings should be replicated in other intervention studies first.
Polygene-exercise interactions in cardiometabolic risk factors
As described in the earlier section, an accumulation of risk alleles of cardiometabolic disease-associated SNPs identified by GWASs is strongly associated with the development of cardiometabolic diseases 21, 26, 32) , while analysis consisting of 111,421 individuals from 11 cohorts of European ancestry 74) . They confirmed significant interaction between the genetic predisposition score and physical activity on BMI in the entire cohort; however, this interaction was observed only when three North American cohorts (n = 39,810) were included in their meta-analysis. They concluded that combining many cohort studies that have measured environmental exposures differently might be relatively inefficient for the detection of gene-exercise interactions.
We recently performed a cross-sectional study consisting of 170 Japanese men to examine whether high cardiorespiratory fitness attenuates the polygenic risk of dyslipidemia 75) . Genetic predispositions to dyslipidemia were assessed by constructing 3 GRSs (TG-GRS, LDL-GRS, and HDL-GRS), based on the 19 SNPs associated with blood triglycerides, LDL cholesterol, or HDL cholesterol levels in the Japanese population, and subjects were divided into low, middle, and high groups according to the tertile for each GRS. Cardiorespiratory fitness was assessed by measuring V ・ O2max, and subjects were also divided into low-fitness and high-fitness groups according to the reference V ・ O2max value for health promotion in Japan. We demonstrated that serum triglyceride levels of low-fitness individuals were higher in the high and middle TG-GRS groups than in the low TG-GRS group, whereas no differences were detected in the serum triglycerides regular exercise significantly reduces these diseases and associated risk factors. Therefore, whether or not exercise can attenuate polygenic predisposition to cardiometabolic diseases is of great interest to researchers who have shown that exercise is beneficial for cardiometabolic health. Several studies have demonstrated that regular exercise attenuated the cardiometabolic risk associated with single genetic variants [66] [67] [68] [69] [70] [71] [72] . However, each SNP has only a small effect as described in the earlier section. It should be examined whether polygenic risk of cardiometabolic disease is diminished in physically active individuals.
To date, only a limited number of studies have examined the effects of the interaction between polygenic risk and regular exercise on cardiometabolic risk. Li et al. examined whether self-reported daily physical activity modifies the genetic predisposition to increased body mass index (BMI) and obesity risk assessed by constructing genetic predisposition scores from 12 SNPs that were identified by a GWAS of a large population-based study consisting of a population of 20,430 UK individuals 73) . Their study showed that each additional BMI-increasing allele was associated with an increase of 0.205 kg/m 2 in BMI in the inactive group, but the effect was much less in the active individuals (0.131 kg/m 2 increase per allele, Fig. 2 ). This suggests that physically active lifestyles can modify the genetic predisposition to obesity. Ahmad et al. attempted to replicate this finding by large-scale meta- . JPFSM : Gene, exercise, and cardiometabolic diseases investigations are needed to conclude whether regular exercise can modify the polygenic predisposition to cardiometabolic diseases.
Gene-aging interactions in cardiometabolic risk factors
Aging, in addition to genetic factors and exercise, is also an important risk factor for cardiometabolic diseases 76) . Twin studies have reported that the heritability of several traits was different between young and elderly twins 11, 13, 14) , suggesting that aging might modify the contribution of genetic and environmental factors. Although, a limited number of studies have examined the association between genetic factors and cardiometabolic risk in different age groups, Qi et al. reported that an FTO SNP was not associated with BMI in elderly individuals over the age of 65 years 77) . Furthermore, Murphy et al. performed a replication study of obesity SNPs identified by GWASs in older populations, and reported that these obesity-associated SNPs and their risk scores were not associated with body weight or adiposity in European and African Americans 78) . These findings suggest that aging modifies the effects of obesity-associated SNPs.
We also examined whether aging modifies the association between GRS from 10 BMI-associated SNPs identilevels of high-fitness individuals among the TG-GRS groups (Fig. 3A) . Moreover, the number of subjects with hypertriglyceridemia (triglycerides levels ≥ 150 mg/dl) was higher in the high and middle TG-GRS groups than in the low TG-GRS group for only the low-fitness group. In contrast, the high LDL-GRS group had higher serum LDL cholesterol levels than did the low LDL-GRS group (Fig. 3B) , and HDL cholesterol levels were lower in the high HDL-GRS group than in the low HDL-GRS group regardless of the fitness level (Fig. 3C) . These results suggest that high cardiorespiratory fitness attenuates the polygenic risk of hypertriglyceridemia, whereas it may not modify the polygenic risk associated with high LDL cholesterol and low HDL cholesterol levels in Japanese men.
Thus, although previous studies have indicated that physical activity and cardiorespiratory fitness possibly attenuate polygenic predisposition to obesity and hypertriglyceridemia, the polygenic effect on other cardiometabolic risk factors is robust, and regular exercise does not likely diminish this effect. Nevertheless, a very limited number of studies focusing on the polygene-exercise interactions have been conducted, and studies examining the polygene-exercise interactions in the onset of cardiometabolic diseases have not been carried out. Further neity in the improvement of cardiometabolic risk factors in response to regular exercise, while we cannot conclude whether regular exercise attenuates polygenic predisposition to cardiometabolic risk factors due to lack of evidence about polygene-exercise interactions. Genome cohort studies measuring physical activity and fitness, as well as exercise intervention studies considering genetic factors in detail, will contribute to the understanding of polygene-exercise interactions in cardiometabolic risk. Because most of the existing genome cohorts were crosssectional or retrospective design, prospective genome cohort studies evaluating a trend in physical activity and fitness should be conducted to elucidate the role of geneexercise interactions in the development of cardiometabolic diseases. This will contribute to the integration of genomic information into health promotion through exercise.
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fied in a GWAS of Asian populations and the indices of obesity of 81 middle-aged (30 -64 years) and 97 elderly (65 -79 years) Japanese men 79) . Similar to the results from the European and American populations, the middleaged individuals with a high GRS had greater levels of obesity indices, such as BMI visceral fat area, than the middle-aged individuals with low GRS, whereas these indices didn't differ between the GRS groups in elderly individuals (Fig. 4) . In addition, we demonstrated the GRS was the strongest predictor of BMI and the visceral fat area in middle-aged individuals, whereas dietary macronutrient intakes such as fat, alcohol, and protein intakes or vigorous-intensity physical activity were more strongly associated with these indices than was GRS in the elderly individuals. These findings indicate that aging modifies the strength of the contribution of genetic factors and lifestyle factors to obesity, suggesting that age-specific genetic effects should be considered when researchers perform studies of gene-exercise interactions.
Conclusions and perspectives
In this article, we reviewed the roles of genetic factors, exercise, and their interactions in the development of cardiometabolic diseases and associated risk factors. Over the last decade, GWASs have successfully identified a number of SNPs associated with susceptibility to complex diseases. Nevertheless, GWAS-derived common SNPs could not completely explain the variability in the incidence of complex diseases as described in this article. In the future, more accurate genetic prediction models for cardiometabolic diseases/traits should be constructed, not only using common SNPs identified by GWASs, but also by considering rare variants, structural variations such as a copy number variation 80) , and epistasis (gene-gene interaction) 81) . In addition, a number of studies have demonstrated that genetic factors contribute to the heteroge- 
